Introduction
Diffuse large B-cell lymphoma (DLBCL), although considered a single category in the World Health Organization classification, most likely includes different clinicopathologic entities difficult to separate using standard techniques. 1, 2 From the clinical standpoint, the introduction of immunochemotherapy in the treatment of DLBCL has dramatically improved the outcome of these patients compared with chemotherapy alone. [3] [4] [5] [6] [7] [8] However, a significant proportion of these patients (20%-30%) become refractory or eventually relapse. 9 Therefore, the identification of factors, either biologic or clinical, that can identify patients at a higher risk is a priority. Different prognostic factors for response and survival have been described for DLBCL, but in the rituximab era, the role of these biologic prognostic factors has yet to be determined. 10 DLBCLs can be divided by gene-expression profiling (GEP) studies into germinal center B cell-like (GCB) and activated B cell-like (ABC) subtypes, with the latter having a significantly poorer outcome than the GCB group. 11 These molecular subtypes are associated with different outcomes, even after the introduction of immunochemotherapy. 12 However, GEP techniques are not applicable to the routine clinical practice, and different approaches using immunophenotypic algorithms with small panels of biomarkers have been developed to translate the robust information from molecular studies into a routine clinical platform. [13] [14] [15] [16] [17] Two of these algorithms were designed in the preimmunotherapy era and the other 3 were used in cohorts of patients treated with rituximab. The biomarkers used included the GCB markers CD10, BCL6, GCET1, and LMO2 and antigens related to postgerminal center (non-GCB) differentiation, such as MUM1/IRF4 and FOXP1. In addition, the categorization of DLBCL into a GCB or non-GCB subgroup was shown to be associated with clinicopathologic features of tumors and predicted patient outcome in some studies but not in others. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The reasons for these contradictory results may be complex, and include difficulties in the standardization of both the staining methodologies and evaluation of the results 24 and heterogeneity in the characteristics of the patients in the different studies. [13] [14] [15] [16] [17] [18] However, it is not clear whether any of the algorithms is superior to the others in obtaining GEP molecular information, because a comparative study using all of them has not been performed and only 3 studies have associated the immunophenotypic algorithm with the GEP molecular classification.
The aim of the present study was to compare the abovementioned algorithms in a series of patients with DLBCL homogeneously treated with immunochemotherapy to assess their correlation with GEP data and their usefulness in predicting patient outcome.
Methods Patients
Two-hundred eighty-seven patients were diagnosed with DLBCL from January 2002 to December 2006 in 5 institutions from the Grup per l'Estudi dels Limfomes de Catalunya i Balears (GELCAB) . Patients with a recognized disease phase of follicular lymphoma or another type of indolent lymphoma with subsequent transformation into a DLBCL, as well as those with immunodeficiency-associated tumors, posttransplant lymphoproliferative disorders, and those with intravascular, central nervous system, primary effusion, or primary mediastinum lymphomas were excluded from the study. In 157 of 287 patients, the material necessary to construct a tissue microarray (TMA) and to assess the expression of the different antigens was available. These patients constituted the subjects of the present study. No significant differences were observed regarding main initial features and outcome between the 157 patients with available TMA and the remainder (data not shown). The study was approved by the Ethical Committee of the Hospital Clínic, University of Barcelona. Informed consent was obtained in accordance with the Declaration of Helsinki.
Staging measures included patient history and physical examination; blood cell counts; serum biochemistry, including lactate dehydrogenase (LDH) and ␤2-microglobulin (␤2m) levels; chest, abdomen, and pelvis computerized tomography scans; and bone marrow biopsy. Posttherapy restaging consisted of a repetition of the previous tests and/or biopsies. Response was assessed according to conventional criteria. 25 The median age of the patients was 65 years (range 17-91) and the male/female distribution was 77/80. The main characteristics of the patients are listed in Table 1 . All patients received rituximab-containing chemotherapies, including regimens with anthracyclines in 133 (85%) patients. Response to treatment was as follows: 119 (76%) complete responses (CRs), 4 partial responses (2%), and 34 nonresponses (22%). The median follow-up for surviving patients was 4.3 years (range 0. 8-8.6 ). The 5-year progression free-survival (PFS) of the series was 50% (95% CI: 42%-58%). Sixty-one patients died during the follow-up, with a 5-year overall survival (OS) of 58% (95% CI: 50%-66%). PFS and OS curves are shown in Figure  1 . The main initial and evolutive variables, including the histologic parameters indicated in "Histologic review and TMA construction," were recorded and analyzed for prognosis.
Histologic review and TMA construction
The diagnosis of DLBCL was based on the criteria established in the World Health Organization classification. 1 The diagnostic samples were reviewed by expert hematopathologists from the 5 hospitals of the GELCAB involved in the study. All immunohistochemical studies were performed after constructing TMAs, including two 1-mm representative cores of each case using a tissue arrayer (MTA I; Beecher Instruments). Standardized methods for tissue fixation (10% buffered formalin) and processing were used at all participating centers. The immunostains were performed on formalin-fixed, paraffin-embedded tissue sections using a fully automated immunostainer (Bond-Max; Vision BioSystems). All immunostains were centralized in one of the centers involved in the study and evaluated in common in a multiheaded microscope. The conditions and antibodies are shown in Table 2 . CD10, BCL6 (kindly provided by Dr M. A. Piris, Centro Nacional de Investigaciones Oncológicas, Madrid, Spain), MUM1/IRF4, BCL2, FOXP1 (kindly provided by Dr A. H. Banham, John Radcliffe Hospital, Oxford, United Kingdom), GCET1 (kindly provided by Dr M. A. Piris), and LMO2 were the markers used to build the algorithms. The assessment of CD10, BCL6, MUM1/IRF4, and BCL2 was performed according to the original studies describing the algorithms and following the recent guidelines recommended for their interpretation by the Lunenburg Lymphoma Biomarker Consortium. Appropriate internal controls were necessary to evaluate the immunostains. 26 FOXP1, GCET1, and LMO2 were evaluated based on previous publications. [27] [28] [29] Endothelial cells were used as internal controls for FOXP1 and LMO2. For GCET1, tonsil sections were used as an external control.
The diagnostic samples and immunohistochemical studies were reviewed by at least 3 expert hematopathologists blinded to the clinical details. The cores were evaluated in a semiquantitative manner, and all markers used to build the algorithms were dichotomized at a positive cutoff that depended on the algorithm used. Small biopsy samples that could not be included in a TMA and cores that dropped off of the TMAs were studied as whole-tissue sections. For individual cores with discordant results, the core with the most representative and highest number of positive cells was scored. The discrepancies between the observers were resolved by reaching consensus.
In addition to the markers included in the immunophenotypic algorithms, we also studied the new GCB markers HGAL, IRF8, and JAW1 and the non-GCB markers XBP1 and BLIMP1. These additional biomarkers 
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BLOOD, 5 MAY 2011 ⅐ VOLUME 117, NUMBER 18 For personal use only. on April 14, 2017. by guest www.bloodjournal.org From For personal use only. on April 14, 2017. by guest www.bloodjournal.org From were evaluated semiquantitatively and the samples were stratified into 5 groups according to the percentages of positive tumor cells: 1 (0%-Յ 10%), 2 (10%-25%), 3 (26%-50%), 4 (51%-75%), and 5 (Ն 75%). The positive values and cutoff for these new markers was assessed based on previous studies. [29] [30] [31] [32] 
Immunophenotypic algorithms
To determine the origin of GCB or non-GCB, we applied 5 different algorithms described previously using the following panel of antibodies: CD10, BCL6, MUM1/IRF4, GCET1, FOXP1, LMO2, and BCL2. The thresholds used were those described previously in the literature for each algorithm and are detailed in Figure 2 . In the Colomo algorithm (Figure 2A) , the non-GCB phenotype was established if MUM1/IRF4 was positive. The cases that were negative for MUM1/IRF4 and positive for CD10 were considered to be the GCB phenotype. Cases negative for MUM1/IRF4 and CD10 and positive for BCL6 were also assigned to the GCB group. Finally, cases negative for the 3 markers were considered as not classified. 13 For the Hans algorithm (Figure 2B ), the cases were assigned to the GCB phenotype if CD10 alone or both CD10 and BCL6 were positive. If both CD10 and BCL6 were negative, the case was considered to be of non-GCB origin. 14 In the Muris algorithm ( Figure 2C ), cases positive for CD10 were assigned to the GCB phenotype. Cases negative for CD10 were differentiated according to MUM1/IRF4 expression into the ABC or the GCB phenotype. Thereafter, BCL2 immunostaining was used to separate 2 different prognostic groups (1 and 2). 15 The 2 steps of the Muris algorithm were used to assess GCB versus ABC status and the prognostic impact of the algorithms was applied. In the Choi algorithm ( Figure 2D ), the cases positive for MUM1/IRF4 and/or FOXP1 or negative for CD10 and BCL6 were assigned to the non-GCB group. The cases positive for CD10, GCET1 without MUM1 expression, or positive for BCL6 without FOXP1 expression were classified as GCB. 16 In the Tally algorithm ( Figure 2E ) described recently, the method included an equal number of GCB markers (GCET1 and CD10) and non-GCB markers (FOXP1 and MUM1/IRF4). This algorithm was constructed from the immunophenotype pair with more positive antigens. Because 2 antibodies are used for each type, the LMO2 antigen determines the phenotype (GCB or non-GCB) when the score is equal in the 2 categories. 17 
GEP
A subset of 62 samples with RNA extracted from fresh frozen lymph nodes was investigated using Affymetrix HG U133 plus 2.0 gene expression arrays. All gene expression array data were normalized using MAS5.0 software, and were log2 transformed. We used the Bayesian compound covariate predictor of the ABC/GCB DLBCL described previously. 12, 33 All samples predicted as ABC DLBCL at greater than 90% were called ABC DLBCL. The samples that showed less than 10% of probability of being called ABC DLBCL were classified as GCB DLBCL. All the other cases were considered unclassified DLBCL.
Statistical analysis
The definitions of CR, PFS, and OS were according to standard criteria. 25 Categorical data were compared using the Fisher exact test and the 2-sided P value, whereas nonparametric tests were used for ordinal data. The multivariate analysis of the variables predicting response was performed with the logistic regression method. 34 The actuarial survival analysis was performed according to the Kaplan-Meier method, and the curves were compared with the log-rank test. 35 The multivariate analysis for survival was performed using the stepwise proportional hazards model (Cox) . 36 
Results

Immunophenotypic profile
The immunohistochemistry expression of single antigens is detailed in Table 3 . The distribution of the patients according to the differentiation phenotype (GCB vs non-GCB) after applying the different algorithms is shown in Table 4 . The distribution of the cases according to the phenotype was similar for the Colomo and Hans algorithms. In the Choi and Tally algorithms, the proportion of non-GCB cases assigned was significantly higher (non-GCB vs GCB, 67% vs 33%, and 63% vs. 37%, respectively). In the Muris algorithm, the majority of the cases were allocated as the GCB phenotype (GCB vs non-GCB, 57% vs 43%). The Colomo algorithm is the only one of the 5 algorithms that considers a category of "not classified," and 23 tumors were included in this group. Although most of these cases would be categorized in the non-GCB subtype in the other classifiers, we excluded the Colomo algorithm for the comparison between the other algorithms. Therefore, the other 4 algorithms (Hans, Muris, Choi, and Tally) were completely assessed in 135 patients, with 111 cases (82%) being allocated to the same GCB or non-GCB group.
GEP: concordance with immunohistochemistry
GEP data were available for 62 patients: 30 cases were allocated to GCB origin (48%), 22 cases to ABC origin (36%), and 10 cases (16%) were considered unclassified. No differences in terms of initial features and outcome were observed between the patients with GEP information and those without (data not shown).
The relationship between the expression of single antigens and GEP is shown in Table 5 . Only CD10 and JAW1 expression were significantly correlated with GCB origin according to GEP (P ϭ .007 and P ϭ .01, respectively), whereas MUM1/IRF4 expression was correlated with ABC origin (P ϭ .02). 
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The concordance between the GEP profiles and the patterns of immunohistochemistry as assessed by the 5 algorithms is shown in Table 6 . A significant correlation was observed between GEP data and the Colomo (P ϭ .02), Hans (P ϭ .015), Muris (P ϭ .04), and Tally (P ϭ .02) algorithms, whereas the correlation did not reach significance with Choi algorithm (P ϭ .1). A higher percentage of misclassified cases was observed in the GCB than in the non-GCB subgroup. The proportion of GCB-DLBCL cases that were not correctly allocated by immunohistochemistry was 41%, 48%, 30%, 60%, and 46% for the Colomo, Hans, Muris, Choi, and Tally algorithms, respectively. Conversely, the proportion of ABC patients who were not properly assigned according to the different algorithms was 19%, 15%, 38%, 16%, and 20% for the Colomo, Hans, Muris, Choi, and Tally algorithms, respectively. The sensitivity in the GCB group was 59%, 52%, 70%, 40%, and 53% for the Colomo, Hans, Muris, Choi, and Tally algorithms, respectively; the sensitivity in the non-GCB group was 81%, 85%, 62%, 84%, and 80%, respectively.
Clinical significance of GEP and immunohistochemistry profiles
The CR rate of the series was 76%. CR achievement was observed more frequently in patients with absence of B-symptoms, ambulatory performance status, absence of extranodal involvement or bulky mass, normal serum ␤2-m, adriamycin-containing chemotherapy, and low-risk International Prognostic Index (IPI) scores. Neither single-antigen expression nor the differentiation profile as assessed by the immunohistochemistry algorithms was able to predict CR (Table 4) . GEP profiles also did not predict CR.
Seventy-four of 157 patients eventually progressed, including 36 of the 119 patients who reached a CR. The 5-year PFS was 50% (95% CI: 42%-58%; Figure 1 ). Variables with unfavorable prognostic value for PFS were: presence of B-symptoms, nonambulatory Eastern Cooperative Oncology Group performance status (ECOG-PS Ͼ 1), extranodal involvement at Ն 1 sites, advanced Ann Arbor stage (III-IV), high serum LDH, high serum ␤2-m levels, and high-risk IPI score. High BCL2 protein expression also predicted poor PFS (5-year PFS 27% vs 56% for BCL2 Ͼ 75% vs Յ 75%, respectively; P ϭ .003). In addition, the differentiation profile (GCB vs ABC) as assessed by GEP was able to predict PFS (5-year PFS, 76% vs 31%, respectively; P ϭ .005), as shown in Figure 3A . Conversely, the immunophenotypic profiles as assessed by the 5 different algorithms did not show significant prognostic value for PFS (Table 4) .
Sixty-one patients died during follow-up, with a 5-year OS of 58% (95% CI: 50%-66%; Figure 1 ). Unfavorable variables predicting OS were: age Ͼ 60 years, poor performance status (ECOG-PS Ͼ 1), advanced Ann Arbor stage (III-IV), high serum LDH levels, high serum ␤2-m level, and high-risk IPI score. Patients treated with adriamycin-containing chemotherapy also showed a significant advantage in terms of OS. Among the single antigens tested, only BCL2 overexpression ( Ͼ 75%) was correlated with poor OS. Differentiation profile as assessed by GEP (GCB vs ABC) showed a significant prognostic value for OS in the subset of patients with this GEP information, with a 5-year OS of 80% vs 45%, respectively (P ϭ .03; Figure 3B ). In contrast, none of the profiles assessed by immunostaining was able to predict OS, as shown in Table 4 and Figure 4 . When the 2-step Muris algorithm, which included BCL2 immunostaining, was used, the algorithm was also unable to predict OS (5-year OS 59% vs. 48% for groups 1 and 2, respectively; P ϭ .4). The results were the same when the study was performed in 133 patients receiving strictly R-CHOP (cyclophosphamide, hydroxydaunorubicin, oncovin, and (47) 11 (92) 21 (53) 1 (8)
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prednisone/prednisolone plus rituximab; supplemental Figures  1-2 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). A multivariate analysis was performed in the 52 patients with GEP information, including differentiation profile (GCB vs ABC profile), BCL2 expression ( Յ 75% vs Ͼ 75%), and IPI score. In the final model with 52 cases, differentiation profile was the most important variable in predicting OS (risk ratio 3.3; P ϭ .04).
Discussion
Two types of DLBCL can be recognized on the basis of GEP data: GCB-DLBCL and ABC-DLBCL. These groups have a different cell origin and a distinct clinical behavior, with patients carrying an ABC-DLBCL tumor showing a poorer outcome than patients with a GCB tumor. 11 This fact, originally described in the pre-rituximab era, has been recently confirmed in patients receiving immunochemotherapy. 12 In addition to the prognostic interest, the molecular classification might be useful in selecting treatments that could be active only in specific subtypes of DLBCL, such as the effective use of bortezomib in ABC-DLBCLs. [37] [38] [39] Therefore, GEP information is not only of academic interest, but could also be an important decision element in the management of the patients in the near future.
Unfortunately, GEP assessment using microarrays is not feasible in routine clinical practice. For this reason, different attempts have been made at capturing the prognostic categorization of GEP information using a more friendly technical approach such as immunohistochemistry. This method can be performed in archival, formalin-fixed, paraffin-embedded tissues and is feasible at any pathology laboratory. Different algorithms have been created combining the expression of well-known antigens, including the ones analyzed in the present study (Colomo, Hans, Muris, Choi, and Tally; Figure 2 ). [13] [14] [15] [16] [17] The real value of these algorithms as a surrogate for GEP data and to define the prognosis of patients with DLBCL is the subject of controversy and was the reason for the present study. This study was performed in a homogeneous and representative series of patients with DLBCL diagnosed and treated with immunochemotherapy in 5 hospitals from the GELCAB. Clinical features and outcome were as expected for an unselected series of DLBCLs. TMA construction and the assessment of the different antigens were performed based on information from original descriptions. [13] [14] [15] [16] [17] Although a significant association between GEP and immunophenotypic profiles was observed (Table 6 ), the positive and negative predictive values were poor for the 5 algorithms tested. In fact, 30%-50% of GCB-DLBCLs and 15%-25% of ABC-DLBCLs were incorrectly allocated by immunohistochemistry, making its use difficult in clinical practice. Furthermore, in prognostic terms, the applicability of the algorithms was poor in the current series. Although, the number of cases studied by GEP was relative low, the molecular GCB and ABC subtypes showed a clearly differentiated outcome in terms of PFS and OS. As reflected in Figure 4 , none of the 5 algorithms was capable of defining groups with prognostic impact.
The current results contradict other studies supporting an excellent correlation between immunohistochemistry and GEP in terms of prognosis. 14, 16, 17 However, some others studies agree with ours in regard to the lack of clinical significance of the immunophenotypic profiles in patients treated with immunochemotherapy. 18 Several factors may account for these discrepancies, including the population studied and the methodology used. First, retrospective analysis of a heterogeneous series with different therapies may have confounded the results. However, the present study was an unbiased, population-based series, with patients homogenously treated with immunochemotherapy. On the other hand, we have included both nodal and extranodal DLBCLs. The main clinical features, including IPI scores, seem to be very similar to other publications. 17 Secondly, technical shortcomings and interobserver discrepancies in the interpretations of the immunostaining slides most likely have an important role in the divergent data. The liability of immunohistochemistry has been pointed out in several studies, including the Lunenburg Lymphoma Biomarker Consortium study, which was an important step forward in standardizing the immunohistochemical studies of these lymphomas. 26 In our study, we followed the Lunenburg indications to evaluate the antigens described in the consortium. However, some of the antigens used to build up the algorithms are relatively new and the evaluation criteria have not been thoroughly investigated. Therefore, we cannot rule out the possibility that differences in the evaluation of the immunostaining with the newer markers could be part of the discrepancy compared with more recently described algorithms. The low-positive values of markers considered absolutely typical of GCB (ie, GCET1 and LMO2) were positive in 64% and 67% of the cases, respectively, and for the ABC subtype For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From (ie, FOXP1) were positive in 50% of the cases (Table 5) . However, we also observed discrepant results using the more established algorithms, suggesting that the reasons for the discordance may not be merely attributable to interpretative differences. We believe that one of the most important difficulties in immunohistochemical attempts to reproduce GEP results is the limitation of capturing information obtained from complex gene-expression signatures on a large number of genes using a very small number of antigens. Therefore, to reliably reproduce GEP information and to transfer it to the clinical practice, new technologies, probably different from standard immunohistochemistry, are warranted.
In summary, in the present study, none of the 5 immunohistochemical algorithms was able to accurately predict the GEP subtype or to separate molecular groups with prognostic value. As a consequence, stratification based on immunohistochemical algorithms for guiding therapy should be viewed very cautiously, even in clinical trials.
